The role of mechanical forces in the regulation of glomerulotubular balance in the proximal tubule (PT) and Ca 2ϩ signaling in the distal nephron was first recognized a decade ago, when it was proposed that the microvilli in the PT and the primary cilium in the cortical collecting duct (CCD) acted as sensors of local tubular flow. In this review, we present a summary of the theoretical models and experiments that have been conducted to elucidate the structure and function of these unique apical structures in the modulation of Na ϩ , HCO 3 Ϫ , and water reabsorption in the PT and Ca 2ϩ signaling in the CCD. We also contrast the mechanotransduction mechanisms in renal epithelium with those in other cells in which fluid shear stresses have been recognized to play a key role in initiating intracellular signaling, most notably endothelial cells, hair cells in the inner ear, and bone cells. In each case, small hydrodynamic forces need to be greatly amplified before they can be sensed by the cell's intracellular cytoskeleton to enable the cell to regulate its membrane transporters or stretch-activated ion channels in maintaining homeostasis in response to changing flow conditions. proximal tubule; cortical collecting duct; microvilli; primary cilia; polycystic kidney disease; fluid flow in renal tubule MECHANICAL FORCES DUE TO FLUID flow and hydrodynamic pressure are not only sensed by renal epithelial cells but provide the key signals that regulate glomerulotubular balance in the proximal tubule (PT) and ion transport in the distal nephron, including the cortical collecting duct (CCD). In key papers at the beginning of this decade, Guo et al. (25) and Praetorius and Spring (57) proposed that the flow-induced bending moments on the microvilli of the brush-border epithelium and the primary cilia of Madin-Darby canine kidney (MDCK) cells, a cell line derived from the collecting duct of the canine kidney, respectively, provided the afferent signal for the regulation of ion transport at the proximal and distal portions of the nephron. What was not previously appreciated is that renal epithelial cells, like hair cells in the inner ear (33) and osteocytes in calcified bone tissue (21), have special sensing machinery that enables them to sense variations in luminal fluid shear stress (FSS) and amplify these mechanical signals so that they can be transmitted to the intracellular cytoskeleton for the purpose of regulating key membrane transport proteins. Such structures are needed, since the FSS experienced by renal epithelial cells is an order of magnitude smaller than that prevailing in the vasculature, where a surface glycocalyx on endothelial cells (ECs) can serve this important function, as reviewed previously (84).
MECHANICAL FORCES DUE TO FLUID flow and hydrodynamic pressure are not only sensed by renal epithelial cells but provide the key signals that regulate glomerulotubular balance in the proximal tubule (PT) and ion transport in the distal nephron, including the cortical collecting duct (CCD). In key papers at the beginning of this decade, Guo et al. (25) and Praetorius and Spring (57) proposed that the flow-induced bending moments on the microvilli of the brush-border epithelium and the primary cilia of Madin-Darby canine kidney (MDCK) cells, a cell line derived from the collecting duct of the canine kidney, respectively, provided the afferent signal for the regulation of ion transport at the proximal and distal portions of the nephron. What was not previously appreciated is that renal epithelial cells, like hair cells in the inner ear (33) and osteocytes in calcified bone tissue (21) , have special sensing machinery that enables them to sense variations in luminal fluid shear stress (FSS) and amplify these mechanical signals so that they can be transmitted to the intracellular cytoskeleton for the purpose of regulating key membrane transport proteins. Such structures are needed, since the FSS experienced by renal epithelial cells is an order of magnitude smaller than that prevailing in the vasculature, where a surface glycocalyx on endothelial cells (ECs) can serve this important function, as reviewed previously (84) .
The brush border is a remarkable mechanosensing apparatus that involves ϳ4,000 membrane-bound actin filament bundles (microvilli) that are equally spaced and nearly identical in height on each PT epithelial cell. Prior to 2000, the primary function of these fingerlike projections was thought to be the amplification of membrane surface area for transport (90) . Little thought was given to mechanotransduction, since the flow velocities in the brush border were known to be negligibly small (3) . All epithelial cells in the renal tubule, perhaps with the exception of intercalated cells in the fully differentiated distal nephron [although this remains controversial (67) ], have a single primary cilium, a nonmotile 9 ϩ 0 microtubular structure projecting from the cell's centriole. Long ignored, the role of the cilium as a mechanosensor was initially identified by Praetorius and Spring (57) , who performed bending experiments on MDCK cell primary cilia. With the identification of polycystin-1 and -2, the products of the two genes implicated in autosomal-dominant polycystic kidney disease (PKD) localized to the renal cilium, this organelle has been thrust into the spotlight as a key player in renal epithelial biology (52, 98) . In this review, we present a focused summary of the theoretical models and various experiments that have been conducted over the past decade to elucidate the structure and function of these unique apical structures in the modulation of Na ϩ , HCO 3 Ϫ , and water reabsorption in the PT, and, in the distal nephron, ion transport via increases in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ).
Basic Models for Transmission of Hydrodynamic Forces in the PT
Although it was demonstrated four decades ago (64) that the fraction of filtered fluid reabsorbed by the rat PT was nearly constant over the entire physiological range of flow (glomerulotubular balance), little attention had been paid to the mechanosensing of hydrodynamic forces by the brush border in the PT cells. Similarly, Gertz and Boylan (24) and Wilcox and Baylis (93) had written extensive reviews on glomerulotubular balance and the related perfusion-absorption balance of the key epithelial transporters at the apical and basolateral membranes, but the afferent mechanism that enabled the PT cells to sense the flow rate remained a mystery. Prior studies had considered changes in the brush-border geometry with flow (46) or solute gradients in the brush border (37) , but no convincing quantitative mechanism could be developed.
While the ultrastructure and mechanosensory function of the stereocilia in the inner ear were well recognized in the 1980s (30, 71) and the fluid shear hypothesis had been proposed for the fluid flow excitation of bone cells (82) , at least initially there seemed to be a much greater similarity between brushborder epithelia and ECs. In each case, the apical surface was covered by a dense porous surface layer: microvilli in the case of the PT and a glycocalyx composed of various glycoproteins in the case of ECs. For ECs, hundreds of papers had been written since the landmark paper by Dewey et al. (13) in which ECs were first grown in culture and exposed to FSS. These papers assumed that the FSS due to the flowing blood, typically 10 -20 dyn/cm 2 , acted directly on the apical membrane, whereas in vivo experiments (75) clearly showed that G proteins and other receptor molecules were buried in a 0.4-mthick glycocalyx layer. Michel (49) and Weinbaum (81) proposed that it was this layer that functioned as the molecular sieve for plasma proteins, as opposed to the junctional strands, and that the classical Starling force balance should be applied locally across the glycocalyx layer, rather than between lumen and tissue, as had been widely assumed. This new conceptual model was subsequently confirmed in a series of experiments reviewed by Weinbaum et al. (84) .
Early hydrodynamic models, for the brush border (3) and for the endothelial glycocalyx layer (EGL) (32, 66) , clearly predicted that fluid velocities were greatly attenuated by the surface layer and nearly negligible at the level of the apical membrane. This raised a fundamental paradox: How could FSS be communicated to the cytoskeleton of either cell when the FSS on the apical membrane surface was vanishingly small? This basic paradox was first answered for PT epithelia by Guo et al. (25) and then applied to ECs by Weinbaum et al. (85) using key insights obtained from the basic model for PT epithelia. Although the basic mechanism for the transmission of FSS into the actin cytoskeleton is very similar, we shall show that the cytoskeletal response of tall columnar brushborder cells is nearly diametrically opposite that of cultured
ECs subject to FSS (see Cell Culture Studies to Examine the Effect of FSS on Cytoskeletal Organization and Transporter Trafficking in PT).
A schematic diagram of the basic ultrastructural and elastohydrodynamic model of Guo et al. (25) is shown in Fig. 1 . The ultrastructural model is based on the detailed electron-microscopic observations of Maunsbach et al. (46) , which show that the microvilli are remarkably similar in height (Fig. 1A) and are arranged in a highly organized hexagonal array (Fig. 1B) , in which there is an organized central actin filament bundle (28, 60) involving, on average, seven central actin filaments (Fig. 1C) (45) . Guo et al. (25) observed that if the sole purpose of the microvilli were to increase transport area, there would be no need for such local uniformity in microvilli height and spacing and theoretically predicted that the central actin filament bundle is sufficiently stiff to undergo only small lateral deflections when subjected to hydrodynamic loading (Fig. 1D) . To support this hypothesis, Guo et al. developed a mathematical model to predict the detailed velocity profile within the brush border and an elastohydrodynamic model to predict the bending deformation of the microvilli for physiological loading conditions based on the measured flexural rigidity EI (where E is Young's modulus and I is moment of inertia) of individual actin filaments (35) .
The key predictions of the foregoing model were as follows.
1)
The velocity at the microvilli tips at the edge of the brush border is 1/400th the velocity at the tubule centerline. This velocity is further attenuated by another factor of 400 over a narrow transition distance of Ͻ0.2 m at the brush-border edge and, thus, is negligible over Ͼ90% of the layer thickness.
2) The drag force (P m ) in the narrow transition region is 74% of the total drag on the microvilli, and this force contributes 86% of the total bending moment [torque (T)] on the microvillus.
3) The deflection of the microvilli tips is Ͻ4 nm for a 2.5-mm-long microvillus or Ͻ5% of the open gap of 74 nm between microvilli (46) . Thus the microvilli act as stiff bristles that are exquisitely designed to transmit torque to the actin cortical web beneath the apical membrane. 4) Although the predicted force on each microvillus is very small (Ͻ0.01 pN), using a moment balance, Weinbaum et al. (83) showed a ϳ40-fold amplification of the force arising from the resisting moment of the central actin filament bundle at the base of the microvilli. This amplification is sufficient to deform the anchoring filaments in the actin cortical web and initiate signaling through linker molecules such as ezrin (38) . While standard transmission electron micrographs typically give microvilli the appearance of soft flexible projections roughly uniform in height (45) , rapid freeze scanning electron micrographs clearly show the rigidity of these projections and their remarkable uniformity ( Fig. 2) (54) . Maunsbach et al. (46) were the first to report that increases in luminal fluid flow in PTs perfused in situ were accompanied by changes in microvillus geometry associated with increases in tubule diameter. The open gap in Fig. 1C increased from 62.1 to 90.4 nm when the tubule flow was increased from 5 to 45 nl/min. More recently, Du et al. (14) found that when perfusion rate (Q) in isolated mouse PT was increased from 5 to 25 nl/min, there was a nonlinear response with a 50% increase in diameter between the lowest and the highest perfusion rate. These increases in microvilli spacing and tubule diameter change the FSS at the edge of the brush border and the forces P m and q m in Fig. 1D . Using the insights of Guo et al. (25) , Du et al. (14) developed a simplified local control volume analysis in which one could relate torque at any perfusion rate and tubule radius (R) to a low flow reference state (Q r ) as follows
where the subscript r denotes the low-flow reference state, L is the length of the microvilli, and ␦ is the thickness of the narrow transition layer at the brush-border edge, where the force P m is applied. Typical values are as follows: R ϭ 15 m, L ϭ 2.5 m, and ␦ ϭ 150 nm. For these values, one can show that the simpler approximation to Eq. 1, T/T r ϭ (R r /R) 2 (Q/Q r ), is accurate to 6% for diameter changes with increased flow of up to 50%. Since volume reabsorption (J v ) at any perfusion rate can be related to its measured value at the low-flow reference state r, Eq. 1 or its simpler approximation can be used to predict the change in T as Q and R increase with flow.
The experiments of Du et al. (14) 3 Ϫ , and Water Reabsorption in the PT) show that J v (equivalently Na ϩ reabsorption) and HCO 3 Ϫ reabsorption (J HCO 3 ) in the PT scale in direct proportion to the bending moment on the microvilli in response to axial flow and that this direct proportionality is obeyed only if the changes in diameter with axial flow described by Eq. 1 are taken into account. Modulation of PT apical Na ϩ /H ϩ ex- (26, 71) and the dendritic processes of osteocytes (27, 69, 99) have a central actin filament bundle with the same type of cross-linking that is proposed for the PT brush-border microvilli in Fig. 1C . In stereocilia and osteocytes, the central actin filaments are linked by 12-nm fimbrin cross-filaments that rotate 60°counterclock-wise and advance 12.5 nm axially between cross-link attachments (12) . This central bundle is encircled by a double helix of brush-border myosin I similar to the microvilli in the small intestine (22) . In the case of stereocilia, Tilney and Tilney (71) showed that the individual actin filaments are able to slide relative to one another, enabling the stereocilia to undergo bending rotation about a tapered ankle at its point of insertion into the cuticular matrix at its base, creating tension in the tip links at the apex of the stereocilia. It is not known whether there are lateral links between the microvilli in the PT. In the case of osteocyte cell processes, there are recently discovered integrin attachments to the canalicular wall (47, 80) , wherein the tethered cell processes are able to slide relative to the fixed integrin attachments, creating cell-level membrane strains that are two orders of magnitude larger than the very tiny whole tissue strains in bone due to locomotion. In both cases, strain in the membrane created by fluid flow is able to open stretchactivated ion channels, initiating intracellular biochemical responses, a behavior that appears to be similar to the initial entry 3 Ϫ permeability and that the flow-induced changes in HCO 3 Ϫ concentration in the PT fluid and increase in the albumin concentration on the basolateral side of the tubule cannot account for the increment of Na ϩ and HCO 3 Ϫ absorption by axial flow. Experimental data support the view that axial flow directly stimulates NHE3-and H ϩ -ATPase-mediated Na ϩ and HCO 3 Ϫ absorption in PTs, since flow-stimulated fluid (i.e., Na ϩ ) and HCO 3 Ϫ reabsorption were significantly diminished in NHE3 knockout mice and were significantly inhibited by blockers for NHE3 and H ϩ -ATPase (16) . The motivation for the foregoing experiments was to test the hypothesis of Guo et al. (25) that the brush-border microvilli serve as the mechanosensors of axial flow along the PT. According to this hypothesis (see Basic Models for Transmission of Hydrodynamic Forces in the PT), the drag force on each microvillus produces a bending moment on an actin filament bundle ( Fig. 1 ) that is transmitted to the underlying cortical cytoskeleton. In this regard, an important observation in Fig. 3 , A and B, is that a fivefold increase in axial flow leads to only a twofold increase in fluid and HCO 3 Ϫ reabsorption. This striking nonlinear behavior is accurately predicted by the torque (bending moment) formula given by Eq. 1 or its simplified form [T/T r ϭ (R r /R) 2 (Q/Q r )]. This formula, derived by Du et al. (14) , shows that the bending moment depends inversely on the square of the tubule diameter or radius and that, for a compliant tubule, this could produce a significant blunting of the axial flow effect on reabsorption. In fact, careful measurements of tubule diameter with flow in Fig. 4A show a ϳ50% increase in diameter when the perfusion rate in the mouse tubule is increased fivefold. When the diameter changes with Q are applied in Eq. 1, there is a nearly exact twofold increase in bending moment for a fivefold increase in Q and, thus, Na ϩ and HCO 3 Ϫ reabsorption are directly proportional to the bending moment on the microvilli. In the classical in vivo experiment of Schnermann et al. (64) , the fractional Na ϩ absorption was constant when flow rate increased by a factor of 5, but the transport activity only increased by a factor of 2 in vitro. In vivo, it is less likely that an increase in glomerular filtration rate would lead to significant increases in tubule diameter. Additional data supporting the notion that brushborder microvilli function as a flow sensor are as follows: increased luminal fluid viscosity increased Na ϩ reabsorption at a constant perfusion rate, and disruption of the cytoskeleton with cytochalasin D eliminated the perfusion-dependent increase in Na ϩ and HCO 3 Ϫ reabsorption (16) . The bending moment hypothesis of Guo et al. (25) can also be used to reexamine the widely cited in vitro experiments of Burg and Orloff (8) on rabbit PTs. The absent effect of flow on proximal Na ϩ reabsorption was reconsidered taking into account the changes in tubule diameter with flow shown in Fig.  4A . Note that the rabbit tubule is more compliant than the mouse tubule and that, for the experiment of Burg and Orloff, where flow is increased threefold from 6 to 18 nl/min, the increase in tubule inner diameter was 41% compared with only 30% for the mouse. If these increases in tubule diameter are inserted into our torque formula (Eq. 1), there is a 38% increase in microvillus bending moment for the rabbit but a 61% increase for the mouse for this threefold increase in flow (Fig.  4B ). Even more remarkably, the measured change in Na ϩ reabsorption over this range was 37% for the rabbit and 60% for the mouse, in nearly perfect agreement with the predicted change in microvillus torque (Fig. 4C ). It appears that rabbit PTs were more distensible than mouse PTs (Fig. 4A ), so that perfusion-dependent changes in luminal diameter precluded large deviations in microvillus torque (14, 77) and, hence, Na
The renal primary cilium is a sensory organelle that can sense fluid flow and initiate Ca 2ϩ -based signaling for the maintenance of normal epithelial function and developmental processes. The importance of the renal cilium is highlighted by the fact that mutations of cilia-associated proteins lead to epithelial dedifferentiation and overproliferation in PKD (23, 74) . It is still an open question whether primary cilia can serve as mechanosensors in flow-activated Na ϩ and HCO 3 Ϫ reabsorption in PTs. However, it has been shown that increased [Ca 2ϩ ] i by exposure to the Ca 2ϩ ionophore A23187 reduced Na ϩ and HCO 3 Ϫ absorption in the PT, and a calmodulin inhibitor (W-7) stimulated PT transport (79) . Given the fact that flow stimulates the primary cilia and increases Ca 2ϩ influx and mobilization in PT cells (57) , increased flow would lead to reduced Na ϩ and HCO 3 Ϫ reabsorption, in contradiction to the observed flow-activated PT transport. Therefore, it is unlikely that primary cilia play a primary role in flow-activated PT transport, even though these cilia can protrude above the brush-border microvilli (14, 77) .
It is important to investigate the downstream mechanism and the messenger of the flow signal. Signaling molecules, such as ANG II and nitric oxide, are important regulators of PT Na ϩ and HCO 3 Ϫ transport (15, 78) . Fluid movement induces angiotensin (AT 1 ) receptor externalization from condensed apical recycling endosomes in cultured mouse PT cells, indicating that fluid flow is important for directing AT 1 receptors to the apical surface and allowing them to interact with ANG II to produce cellular signals (36) . Whether ANG II plays a role in flow-activated PT transport has not been reported. Bobulescu et al. (6) and Hu et al. (31) demonstrated that dopamine stimulates NHE3 endocytosis via a PKC-mediated mechanism in opossum kidney cells. They reported that dopamine acutely decreases surface NHE3 expression in a dose-and timedependent fashion without altering total cellular NHE3. This effect, which is dependent on dopamine (DA 1 and DA 2 ) receptors and DA receptor-stimulated NHE3 endocytosis, can be blocked by PKA inhibition or by mutation of two PKA target serines (Ser 560 and Ser 613 ) on NHE3 (6, 31) . Dopamine decreased Na ϩ reabsorption only in PTs in which transport had been stimulated by norepinephrine (4) . Our preliminary data show that dopamine inhibits flow-stimulated Na ϩ and HCO 3 Ϫ absorption in mouse PTs, suggesting that recruitment of NHE3 to the apical membrane is critical for flow-stimulated Na ϩ and HCO 3 Ϫ absorption (17) .
Cell Culture Studies to Examine the Effect of FSS on Cytoskeletal Organization and Transporter Trafficking in PT
There are numerous studies on the regulation of NHE3-mediated Na ϩ and HCO 3 Ϫ transport in cultured PT cells. These studies are less technically challenging than those performed in perfused tubules typically isolated from rodent kidneys and, in addition, allow for careful control of FSS. The effect of FSS on cytoskeletal organization and junctional protein regulation has been studied extensively in cultured ECs (10). Thi et al. (70) showed that an intact EGL is essential for the transmission of FSS to the intracellular cytoskeleton and that if the EGL is compromised, actin stress fibers will not form, nor will there be a disruption of junctional protein complexes. This is explained in terms of a "bumper-car" model for the dense peripheral actin band (DPAB) that is associated with the adherens junction (AJ) under static conditions. Exposure of the cells to FSS for 5 h resulted in dramatic redistribution of F-actin and various junction-associated proteins, including vinculin, ZO-1, and connexin 43, in ECs, provided the EGL was intact, but little effect on paxillin, a basal focal adhesion protein, strongly suggesting that the EGL served as the apical flow sensor in ECs.
Mouse PT cells provided a useful tool for studying flowinduced changes on cytoskeletal organization and transporter trafficking for several reasons. The immortalized mouse PT cell line BUMPT-306 expresses the Na ϩ -glucose transporter megalin and has structural and functional features of a homogenous population of differentiated PT cells (68) . To elucidate the mechanism by which luminal flow modulates ion transport in renal tubules, cell culture studies have been performed using murine PT cells. These epithelial cells, when cultured under static conditions, demonstrated numerous pronounced cytosolic actin stress fibers on their basal membrane, which may relate to the dedifferentiation of the cells (7). Subsequently, Essig et al. (19) reported that, after the onset of laminar FSS, PT cells underwent phenotypic changes, including a disappearance of stress fibers from the basal surface and a reinforcement of the lateral actin network. More recently, Duan et al. (18) demonstrated that a FSS of only 1 dyn/cm 2 led to formation of tight junctions and AJs and an accumulation of focal adhesion proteins (vinculin and paxillin) in the basement membrane. These findings are surprisingly opposite to that observed for confluent EC monolayers, where the major event is creation of stress fibers, disruption of junctions, and dispersion of focal adhesion proteins (70), as noted above. In addition, ECs require a 10-fold higher FSS than that applied on epithelial cells to induce cytoskeletal changes.
To explain the foregoing discrepancies, Duan et al. (18) proposed a "junction-buttressing" model for the PT cells shown in Fig. 5 . In static control cells, strong expression of stress fibers on the basement membrane leads to a firm adhesion of the cells to their substrate. This creates a tension on the cell lateral membrane accompanied by a compressive resistance of the internal cytoskeleton. This results in a rounded canopy at the apical membrane and the pulling away of the cell from its neighbors. Cell junctions cannot form until the stress fibers are disrupted at the basal surface and this membrane tension is released. A small FSS applied to the apical surface was able to create enough rotational moment at the cell base to cause these tall cuboidal cells to tilt, their basolateral surfaces to come into contact, and tight junctions, AJs, and a DPAB form (Fig. 5B) . In comparison, for endothelial cells, Thi et al. (70) proposed that the DPAB, with its vascular endothelialcadherin bonds, functions like a "rubber bumper" in the static control condition. Unless the rotational moment applied on the EGL at the apical surface of the ECs exceeds the strength of the opposing moment provided by the DPAB with its AJ, cytoskeletal reorganization will not take place. These results indicate that the brush-border microvilli on the apical surface of the epithelial cells play the same role as the EGL, in that the fluid drag on these apical structures produces a rotational moment on the cell in response to FSS. The large difference in effective lever arm provided by the tall cuboidal epithelial cells compared with the flat ECs is the main reason that a FSS of only 1/10th of that applied on the ECs is necessary for epithelial cells to undergo cytoskeletal reorganization.
The three potential mechanosensors of FSS in PT cells are as follows: microvilli, primary cilia, and glycocalyx. Scanning electron microscopy and confocal microscopy have been used to examine whether these structures are present on the surfaces of cultured mouse PT cells. Scanning electron microscopy reveals a denser array of microvilli on the apical cell surface in mouse than in human primary cultured PT cells (1) . Immunofluorescence with anti-tubulin staining showed that primary cilia are completely absent in murine cells at 5 days of culture but appear when cells are cultured for Ͼ8 days. Since experiments were done in PT cells that were cultured for only 5 days, the possibility that primary cilia could contribute to FSS-induced cytoskeletal reorganization can be ruled out (18) . Whether the glycocalyx plays a sensor role in regulating mechanotransduction in PT cells was examined after the addition of heparinase III to digest the glycocalyx. Experimental data show that heparinase III had no effect on FSS-induced changes in cytoskeletal reorganization and junctional formation, supporting the view that microvilli are the flow sensor in PT cells (18) .
It would be important to know if FSS induces ion transporters, NHE3, H ϩ -ATPase, and Na ϩ -K ϩ -ATPase trafficking, and expression that accompanies changes of Na ϩ and HCO 3 Ϫ absorption. It is our hope that these ongoing studies in our laboratory will soon provide new information about flowinduced PT transport and regulation.
Transport Models for the PT That Incorporate Flow-Induced Torque
Glomerulotubular balance or perfusion-absorption balance is a characteristic of the intact PT. It is natural, therefore, to try to define the cellular machinery required to achieve this overall transport response. Guo et al. (25) (see Basic Models for Transmission of Hydrodynamic Forces in the PT) proposed that the brush-border microvilli are the flow sensors and that they transmit a signal to the actin cytoskeleton. The effectors of the response comprise the ensemble of membrane transporters, the activity of which is modulated with flow. At the time they proposed their hypothesis, Guo et al. cited observations of Maddox et al. (43) and Preisig (59) , who reported increases in luminal membrane NHE3 transporter density in response to increases in luminal flow rate; Preisig also presented evidence that activity of the peritubular Na ϩ -3HCO 3 Ϫ cotransporter also increased. Additional background to this issue includes the observation that when proximal Na ϩ reabsorption was driven by coupled transport of organics, there was a coordinate increase in peritubular K ϩ permeability (5, 48) . It remains unknown whether modulation of peritubular K ϩ permeability is also a feature of perfusion-absorption balance, although the ATP dependence of peritubular K ϩ channels, identified by Tsuchiya et al. (73) , would suggest that it is. To identify a plausible transporter ensemble underlying flow-and torque-dependent transport, Weinstein et al. (89) employed a mathematical model of the PT. Their first observation was that an isolated increase in luminal membrane NHE3 activity or increases in all the luminal membrane transporters would not be particularly effective in modulating epithelial Na ϩ reabsorption (Fig. 6A) . Furthermore, luminal-only increases in transporter density would produce large (and likely lethal) increases in cell volume. In contrast, coordinated modulation of luminal and peritubular transporters produced coordinate increases in Na ϩ reabsorption, with negligible changes in cell volume and composition (Fig. 6B) 
where T M and T M0 are the computed microvillous torque and reference torque and T S is the uniform torque sensitivity for modulation of luminal and peritubular membrane transporter density. With this formulation, in a compliant PT, T S ϭ 1.6 yielded nearly perfect perfusion-absorption balance over a fivefold range of luminal perfusion rates, from 15 to 75 nl/min (Fig. 7) .
These considerations underscore the connection between modulating transepithelial Na ϩ reabsorption and preserving cellular volume and composition during flux variation (cellular homeostasis). Weinstein et al. (89) utilized gross one-to-one scaling of all luminal and peritubular transporters. Weinstein (86) addressed the issue of identifying critical transporters for cell volume homeostasis in the PT. At the core of that study was the observation that, for steady-state calculations, over a physiological range of transporter perturbations, the performance of the model and its linearization were nearly identical. This allowed for an efficient and systematic exploration of parameter dependence on cell variables to determine effective parameter control. The key finding was that, for a number of perturbations of cell volume (increased glucose entry, increased Na ϩ /H ϩ exchange, peritubular K ϩ or HCO 3 Ϫ increase, or hypotonic shock), volume-dependent activation of peritubular K ϩ -Cl Ϫ or Na ϩ -HCO 3 Ϫ cotransport would protect cell volume and promote epithelial Na ϩ reabsorption. A subsequent study documented the essential linearity of the timedependent PT cell model, and this allowed application of linear control theory to identify an optimal ensemble of transporters along with their parameter dependence (87) . This approach allowed for specification of a cost function, such as rapidity of cell volume recovery. For this cost, cell volume and peritubular potential difference figured prominently as control variables, but not all the findings were intuitive. For example, cell volume acted to increase peritubular K ϩ -Cl Ϫ cotransport and to blunt luminal entry steps but to decrease peritubular Na ϩ -HCO 3 Ϫ activity. On reflection, the selected peritubular configuration allowed cell volume recovery with slower cytosolic acidification to avoid acid-driven increase of luminal NHE3.
Ultimately, linearization of the PT model as a dynamical system allowed for formulation of a tracking problem, which captured the essentials of flow-dependent reabsorption (88). In this approach, PT linearization yields a singular system of the form
where u is the vector of physiological model variables and u= is its time derivative and p is the vector of model parameters (transporter densities), all considered deviations from a reference condition; S, R, and Q are matrices. Because the matrix S is singular, with more than half of the rows zero, corresponding to the algebraic equations of the model, this problem has a degree of difficulty in applying linear control theory. In the problem considered, the cost function was embodied in a matrix M, for which the product Mu identified cell volume, cell HCO 3 Ϫ , and luminal membrane Na ϩ flux. Given this cost function, an optimal feedback control matrix F is first identified by solution of an algebraic Riccati equation, so that p(t) ϭ Fu(t) provides the feedback component of model parameters. Then a tracking problem is formulated in which r(t) ϭ [0,0,v(t)] is the vector that states that we seek a function in which cell volume and pH have zero deflection, while luminal membrane Na ϩ flux follows a prescribed function of time v(t). Specifically, we seek to minimize the error e(t) e(t) ϭ Mu(t) Ϫ r(t)
The solution to the problem provides a second term to the parameter function, p(t), which is an autonomous (feedforward) term driven by the variation in luminal fluid flow rate. In the problem that was formulated, luminal flow was prescribed as a ramp pattern, doubling linearly over 50 s and then declining back to baseline. Once this problem was solved for the linear model, the parameter function (feedback terms and autonomous terms) could be incorporated into the full nonlinear PT model to see how effective they would be where it counts. Those calculations are shown in Fig. 8 , in which the model achieves more than twofold changes in Na ϩ flux, with only trivial changes in cell volume or HCO 3 Ϫ concentration. Figure 8 shows the fractional changes of nine key model parameters over time for midproximal luminal fluid. These calculations demonstrate that the model makes substantial use of feedforward increases in luminal glucose entry and NHE3 activity and activation of peritubular transporters K ϩ -Cl Ϫ and Na ϩ -HCO 3 Ϫ and the Na ϩ -K ϩ -ATPase. There is little use of luminal membrane anion transport or peritubular K ϩ permeability in the optimal solution. Translating these model results into biological terms, the model predicts that the luminal membrane signal (from microvilli) will be transmitted to peritubular transporters (perhaps via the actin cytoskeleton) and that transporter densities will change in a manner that may not be predicted from feedback-dependent considerations. 
Basic Model for Transmission of Hydrodynamic Forces in the CCD
Primary cilia are single, immotile organelles with a 9 ϩ 0 microtubule structure derived from a centrosome and are present in nearly all vertebrate cells (91), a notable exception being the intercalated cells of the distal nephron, albeit this is debatable (41) . These cilia are missing a central microtubule pair and its associated dynein motors and regulatory proteins. The growth of the cilia requires intraciliary or intraflagellar transport from the cell's mother centriole. This construction and the various functions that have been ascribed to primary cilia, such as left-right asymmetry in nodal flow (53) , are summarized by Praetorius and Spring (57) . Primary cilia have also been studied in bone (44, 92, 96) and cartilage (34) . However, by far the greatest interest in primary cilia has focused on their role in renal epithelial cells in health and disease (PKD), a picture that emerged from the study of cells in culture and in isolated tubules perfused in their native geometry. This review focuses on the Ca 2ϩ response of principal and adjacent intercalated cells comprising the distal nephron to mechanical forces induced by variations in luminal flow rate and stretch in normal tubules and tubules from models of PKD.
The role of the primary cilium as a mechanotransducer was first suggested in 1997 by Schwartz et al. (65) , who noticed that the primary cilia in cultured rat kangaroo kidney epithelial (PtK t ) cells would undergo large bending deformations with exposure to increasing superfusate FSS. This bending deformation was described by "heavy elastica" theory for a cantilever beam using an empirical relation for flow past a circular cylinder. The first demonstration that cilia played a key role in Ca 2ϩ signaling and extracellular Ca 2ϩ -dependent intracellular Ca 2ϩ release was the pioneering experiment of Praetorius and Spring (57) . They demonstrated, by application of negative pressure locally and direct mechanical manipulation, that bending of the MDCK cilium, rather than FSS acting on the apical membrane of cultured epithelial cells, as is the case for ECs, leads to an increase in [Ca 2ϩ ] i due to Ca 2ϩ influx through mechanosensitive channels residing in the cilium or its base. This was further confirmed by additional experiments in which removal of the primary cilia in MDCK cells by pretreatment with chloral hydrate abrogated the Ca 2ϩ response (58) . A more sophisticated theoretical model was then developed by Liu et al. (41) ; in their model, hydrodynamic drag forces on a hexagonal array of cilia were quantitatively evaluated and used to interpret experiments performed in isolated microperfused New Zealand White rabbit CCDs subjected to flow and stretch. These models (see below) made it possible to compare the response of cultured cells and native perfused tubules to FSS.
The primary purpose of the heavy elastica model (65) (Fig. 9, A and B) . A more detailed model of the primary cilia ultrastructure was also constructed to enable predictions of the actual forces and moments on the microtubule pairs in the ciliary axoneme (Fig.  9C) . The models for the flow and deformation of the cilia (Fig.  9, A and B) considered the flow interaction between the individual cilia but neglected the presence of intercalated cells, given that they account for Ͻ25% of the cell population in this segment in this species (62) . The theoretical model could separately estimate the fluid shear force acting on the apical surface and the drag and bending moments on the cilia, including the forces on the individual microtubule pairs in Fig.  9C , where a simplified symmetrical eight-microtubule-pair approximation was used.
The key results of this analysis are summarized in Table 1 . The height of the cilia in the native CCD was 2. 2) The tip deflection of a 2.5-m cilium is extremely small, 1.9 nm for the split-open tubule and 13 nm for the perfused CCD, but increased 100-fold for the long (8-m) cilia found on MDCK cells. These predictions, like those described by Schwartz et al. (65) , assume a rigid cantilever boundary condition at the insertion of the cilium into the basal body in Fig.  1C and no rotation of the basal body inside the cell. This assumption is confirmed by the side-view images of bent cilia in MDCK cells (61) . These images show that the FSS on a long cilium causes the ciliary axoneme to bend near its insertion into its basal body but that the basal body is firmly attached to the intracellular cytoskeleton and does not swivel inside the cell at physiological values of FSS up to 0.59 dyn/cm 2 , values comparable to a perfused tubule in Table 1 . Thus the deflections in Table 1 reflect the bending of the ciliary axoneme, not the rotation of its basal body.
Rydholm et al. (61) also developed a finite-element model (FEM) in which the ciliary axoneme is covered by a 10-nm membrane and inserted into an apical membrane with the same viscoelastic properties, but the central axoneme is simplified: it is treated as a uniform axial beam, in contrast to the detailed microtubule structure shown in Fig. 9C . This viscoelastic model is used to predict the distribution of membrane stresses in the apical and cilium membranes and also to explain the delay of the [Ca 2ϩ ] i response observed by Liu et al (41) and Praetorius and Spring (57) (see Mechanoinduced [Ca 2ϩ ] i Responses of the CCD). The model shows that the maximum membrane stresses are developed in the vicinity of the insertion of the axoneme into the basal body in the apical and cilium membranes, suggesting that Ca 2ϩ entry occurs in this region. This behavior can be explained using the microtubule model shown in Fig. 9C . As shown in Table 1 , the drag and torque on the cilium are very small, 0.43 pN and 2.5 pN·m, respectively, even for the long (8-m) cilium at the high flow rate in vitro (41) . However, the drag force at the base of the cilium is greatly amplified because of the long moment arm, and, in microtubule pair 3, the pair farthest from the cilium axis, force on the basal body is 16 pN. Even in the much shorter (2.5-m) cilium in the perfused tubule, force on the outer microtubule pair is 6 pN (Table 1) , which is large enough to deform the local actin network supporting the membrane. These results suggest that the concentrated forces acting at the point of insertion of the microtubules into the basal body elicit the Ca 2ϩ response, and not the bending per se, of the ciliary axoneme.
Mechanoinduced [Ca 2ϩ ] i Responses of the CCD
The native CCD consists of two morphologically and functionally distinct cell types. Principal cells reabsorb Na ϩ and water (in the presence of vasopressin) and secrete K ϩ , whereas intercalated cells function in acid-base homeostasis to transport H ϩ and HCO 3 Ϫ and can, under certain conditions, absorb K ϩ . As described above, principal cells possess a central apical cilium, whereas intercalated cells, generally considered to be devoid of cilia in their fully differentiated state, are decorated with abundant apical microvilli and microplicae (39, 41, 94) . There is no evidence of gap junctional communication between these two cell types (41) .
An acute increase in luminal flow rate in the CCD microdissected from the kidney of the New Zealand White rabbit and microperfused in vitro in its cylindrical native geometry, which is sufficient to lead to a 5-20% increase in tubular diameter within 1 s, leads to a biphasic increase in global [Ca 2ϩ ] i in principal and intercalated cells (39, 41, 94) . Specifically, in the fully differentiated CCD, [Ca 2ϩ ] i rapidly increases from ϳ100 to 350 nM within 11 s of an increase in luminal flow rate and is followed by a gradual decay to a plateau value, which remains elevated above baseline for Ն20 min during a period Microtubules, which terminate in the transition zone at the top of the basal body, transfer the torque on the axoneme to the centriole in the basal body. Because of the stiffness of the microtubules in the primary cilium and its supporting structure, a 2.5-m cilium bends only slightly because of the drag forces exerted by the fluid flow. U, average velocity. B: cross section of the cilium. The "9 ϩ 0" microtubule structure of primary cilium is reduced to 8 symmetrically arranged microtubule doublets. The model is used to predict tensile and compressive forces at the base of each microtubule pair when a torque is applied about an axis passing through microtubules pairs 1 and 5.
[From Liu et al. (41) .]
of sustained high flow (39, 41, 94) . This mechanoinduced response is developmentally regulated: the peak [Ca 2ϩ ] i elicited by high flow is significantly less in principal and intercalated cells in CCDs isolated from 1-wk-old newborn than older animals (40, 95) . The modest response of the neonatal principal cell to flow cannot be explained by the absence of an apical central cilium, as cilia are longer at birth than in adulthood, and their length decreases with advancing age (20, 40) . Alternative explanations are as follows: expression of conducting Ca 2ϩ channels and inositol trisphosphate (IP 3 ) receptors are developmentally regulated, and/or IP 3 receptors and Ca 2ϩ channels are not fully assembled to allow IP 3 -assisted Ca 2ϩ -induced Ca 2ϩ release in neonatal CCDs, as has been reported in developing neurons (72, 97) .
To determine whether flow across the apical membrane and/or circumferential stretch mediates the flow-induced ] i increased threefold in principal and intercalated cells (Fig. 10A ). This [Ca 2ϩ ] i transient was completely inhibited by thapsigargin, an irreversible inhibitor of the endoplasmic reticulum Ca 2ϩ -ATPase that prevents refilling of intracellular Ca 2ϩ pools and leads to depletion of internal stores, or 2-aminoethoxydiphenyl borate, a cell-permeant inhibitor of the IP 3 receptor (42, 56) . These observations imply that IP 3 -mediated release of endoplasmic reticulum Ca 2ϩ stores is required for the flow/stretch response.
On the basis of the work of Praetorius and Spring (57) in cultured cells, we sought to test whether the flow/stretchinduced Ca 2ϩ influx in the mammalian CCD was localized to the apical membrane. CCDs subject to an acute increase in luminal flow rate in the nominal absence of luminal Ca ] i response and suggests that the cilium may transmit a mechanical force to the cytoskeleton, which "talks" to the basolateral membrane.
In split-open CCDs, we first determined a threshold flow rate of 3.2 l/s, below which a response was not detected. However, an increase in superfusate flow from 3.2 to 25 l/s led to a twofold increase in [Ca 2ϩ ] i in principal and intercalated cells (Fig. 10B) ; even at this higher flow rate, the cilium is subject to forces and torques that are nearly sevenfold lower than those predicted in the microperfused CCD ( Table 1 ever, a reduction in superfusate flow from 25 to 3.2 l/s led to a fall in [Ca 2ϩ ] i to baseline values measured at the initial slow flow rate. As the FSS on the apical membrane of the renal epithelial cells in the split-open tubules superfused at the fast flow rate is only 0.056 dyn/cm 2 , which is well below the threshold for a Ca 2ϩ response in ECs, our data suggest that the triggering stimulus for the Ca 2ϩ response in split-open CCDs is not the drag force due FSS acting on the apical membrane but, more likely, the torque on the basal body at the base of the cilium, where the ciliary axoneme is anchored to the cytoskeleton. It is unlikely that bending deformation of the cilium per se leads to activation of stretch-activated Ca 2ϩ channels, since Rydholm et al. (61) showed that that the stresses in the membrane of the cilium are small, except at its base. Furthermore, the tip deflection for a 2.5-m cilium at even the higher flow rate of 25 l/s was Ͻ2 nm (Table 1 ).
In the occluded CCD, a rapid increase in luminal volume, sufficient to increase tubular diameter by 20% within 0.6 s, led to a fourfold increase in [Ca 2ϩ ] i in principal and intercalated cells (Fig. 10C) The following question remains: What model described above best represents the physiological condition for the distal nephron in vivo? Increases in tubular diameter on the order of 15% in response to high flows, as detected in isolated microperfused CCDs, would predict significant changes in distal tubular volume in the kidney with an intact capsule, necessitating compression of adjacent renal tissue. As there is no evidence that this occurs, it is more likely that 1) tubules in vivo experience only minimal circumferential stretch, 2) the [Ca 2ϩ ] i response in the split-open tubule is the most relevant, and 3) the forces and torques on primary cilia of principal cells and, possibly, the microvilli/microplicae of intercalated cells leading to deformation of the cytoskeleton are key.
Autosomal recessive PKD, now ascribed to mutations in polyductin/fibrocystin (52, 76) , is characterized by the presence of ectatic collecting ducts, which remain contiguous with the filtering nephron. The Oak Ridge polycystic kidney (orpk) mouse, which bears an insertional mutation in the Tg737 gene encoding the intraflagellar transport protein product polaris (50, 51) , exhibits a renal disease phenotypically resembling autosomal recessive PKD. The primary cilia in the kidney (Fig. 11 ) of orpk mice are short (40, 55) . To further examine whether it is the structural and/or functional integrity of the cilium that determines the fully differentiated hydrodynamic response to flow, we sought to examine the effect of changes in luminal flow rate on the [Ca 2ϩ ] i response in microperfused CCDs with stunted cilia isolated from orpk mice (40) .
Flow-induced increases in [Ca 2ϩ ] i were not detected in cells within dilated, ectatic portions of cystic collecting ducts (CDs). This finding was not unexpected, given that the shear and drag forces on the cilia and apical membranes of cells in these dilated sections of the nephron were expected to be less than those experienced by cells in more proximal portions of normal diameter. The magnitude of the flowinduced [Ca 2ϩ ] i transients in segments of normal diameter, just proximal to cystic dilations of ectatic CDs from 2-wkold, but not 1-wk-old, mutant orpk animals was blunted compared with the responses of cells in segments isolated from age-matched wild-type (WT) controls. Modeling of the hydrodynamic forces prevailing in these segments revealed that the drag and torque on the WT cilia are 7 and 14 times greater than the drag and torque on the short mutant cilia at the slow and fast flow rates, respectively. The observation that the peak [Ca 2ϩ ] i response elicited by flow in the 2-wk-old mutant tubule was half of that measured in the age-matched control indicates that the response does not scale linearly with drag and bending moments on the stunted cilia. This could be due to the differing viscoelastic properties of epithelial cells in cystic CDs and WT controls, much like red blood cells in sickle cell disease (11) . In 1-wk-old animals, the flow-induced [Ca 2ϩ ] i response in mutant CDs was similar to that detected in controls, a result unexpected on the basis of the shorter cilia length in the former, predicted to be associated with blunted hydrodynamic forces. The similar mechanoinduced responses at this developmental age may reflect functional immaturity of an as yet unidentified signal transduction pathway early in postnatal life or that the Ca 2ϩ response in immature CDs is not due to fluid flow but, rather, another stimulus (e.g., circumferential stretch).
In every experiment described above, the flow-induced [Ca 2ϩ ] i response of intercalated cells, devoid of cilia but decorated with apical microvilli and microplicae (Fig. 11) , was similar to that in principal cells. A logical explanation for the intercalated cell response is that the afferent sensors are the microvilli and/or microplicae, which undergo flow-induced deformations similar to those described above for the PT, a possibility that must await experimental investigation. An alternative explanation is that the [Ca 2ϩ ] i response of the intercalated cell is due to autocrine/paracrine signaling secondary to flow-or stretch-induced release of an extracellular factor. Indeed, there is considerable evidence for mechanoinduced release of extracellular nucleotides, including ATP and UTP, both of which, via binding to purinergic receptors, trigger increases in [Ca 2ϩ ] i (9, 29). Relation of cell geometry to mechanosensitive response PT cells are tall and columnar but are exposed to FSS 1/10th that of ECs. This is compensated for by microvilli with a large aspect ratio, typically Ͼ25. Long lever arm leads to a ϳ40-fold increase in stress at the base of the central actin filament bundle at its insertion into the apical membrane Principal cells have a central cilium with a 9 ϩ 0 microtubule structure; primary cilia are exposed to higher velocities over their entire length and, thus, large bending moments
ECs are flat compared with PT cells and, thus, need larger FSS to produce the same rotational moment on cadherin bonds in their AJs; also thickness of the EGL is typically Ͻ1/5th the height of the microvilli concentration; DPAB, dense peripheral actin band. Table 2 has been prepared to compare the important flowdependent mechanisms and responses of PT cells, CCD cells, and ECs to fluid flow. It emphasizes flow-dependent activation and the relationship between cellular structure and function indicating key references.
Summary

Conclusion
This review has articulated the importance of transmitting luminal flow rate to the lining epithelial cells of the proximal and distal nephron. A special emphasis has been placed on the importance of mathematical models in developing quantitative hypotheses for the design and interpretation of experiments to elucidate the structure and function of epithelial cells in the PT and distal tubule. In the case of the PT, a long-standing mystery as to why the glomerulotubular balance demonstrated in vivo more than four decades ago did not appear to be present in single perfused PTs has been resolved by examination of the biomechanics of the brush-border microvilli as an afferent sensor of luminal flow. Two important unresolved issues in the nephron involve 1) the cross talk and coupling between membrane transport proteins at the apical and basolateral aspects of the brush-border cells and 2) the cytoskeletal signaling associated with transporter trafficking and expression. In the case of the CCD, primary cilia have been proposed as the key structural element in the [Ca 2ϩ ] i response to FSS. Important unresolved issues for the distal nephron are to more precisely determine the FSS prevailing in vivo, unravel the components of the signaling pathways activated by flow and their developmental expression and regulation, and clarify the molecular basis for the intercalated cell response to FSS.
